Rhythmic interlimb coordination arises from the interaction of intrinsic dynamics and behavioral information, that is, intention, memory, or external information specifying the required coordination pattern. This study investigates the influence of the content of memorized behavioral information on coordination in musically experienced and inexperienced participants. These groups are hypothesized to have different intrinsic dynamics for this task. Stability was assessed in a switching task (variability and switching time). The in-phase, antiphase, and 90°-phase difference were specified in a neutral and an ecologically relevant manner. Musicians showed more stable coordination than nonmusicians did. No interaction effect was found with memorized behavioral information. Behavioral information showed an interaction effect with phase pattern on coordination variability, with the strongest effect for the 90°-phase pattern. Switching time was affected largely in line with the findings for coordination variability. Participants showed an intraindividual preference for one type of gallop and one type of switch strategy, suggesting different hand roles.
In the last 2 decades, the dynamic-systems approach to interlimb coordination has focused on explaining systematic coordination tendencies in terms of a nonlinear interaction of organismic, environmental, and task constraints (see Kelso, 1998 , for a review). No single element has causal primacy; together all elements constrain behavior in such a way that coordinated behavior emerges. A major aim of the dynamic-systems approach is to show that although coordination might appear top-down controlled, it in fact emerges from the interaction of a number of factors. Under the influence of control parameters with a nonspecific effect, such as movement frequency in bimanual rhythmic tapping, spontaneous coordination tendencies have been shown to emerge, the so-called intrinsic dynamics (Haken et al., 1985) . The intention to perform a certain pattern can be conceptualized as a specific behavioral influence (Schöner & Kelso, 1988a) , similar to environmental information specifying a pattern, and the memory of a learned pattern (Schöner & Kelso, 1988b) . Intention, perception, and memory of specific behavioral patterns have been grouped together in the concept of "behavioral information" (Kelso, 1994; Schöner & Kelso, 1988a; Schöner et al., 1992) . Behavioral information might interact with the intrinsic dynamics in a cooperative or competitive way (Schöner & Kelso, 1988b) . Together they generate the dynamics that are observed in real-time behavior. This study investigated the interaction of the two dynamics by studying performance of a rhythmical coordination task with the support of different types of behavioral information in musically trained and untrained adults.
The intrinsic coordination dynamics of bimanual rhythmic movements have been accurately described by the model of Haken et al. (1985) in the form of a potential function. The model contains a stable in-phase (simultaneous activation of homologous muscles) and anti-phase (simultaneous activation of nonhomologous muscles) pattern, so-called attractor states in the potential landscape. The model describes how a decrease in a control parameter, representing an increase in movement frequency, leads to an annihilation of the anti-phase attractor. Applied to bimanual finger tapping, this means that increasing frequency while tapping in an alternating (i.e., anti-phase) fashion will lead to a spontaneous transition to simultaneous (i.e., inphase) tapping at a critical frequency. Starting with in-phase tapping, such a transition does not occur (Kelso, 1981 (Kelso, , 1984 . The strength of an attractor can be derived from the stability of a coordination pattern (Kelso et al., 1986; Scholz et al., 1987) . Schöner & Kelso (1988a) suggested that intention can be considered behavioral information, similar to environmental information and memory. Scholz and Kelso (1990) have shown that the manipulation of intention can modify the pattern dynamics, even preventing the transition under some conditions. In their experiment, intentional switching from in-phase to anti-phase allowed for stable anti-phase coordination at frequencies at which the anti-phase is not naturally stable in the intrinsic dynamics. Switching intentionally from the anti-phase to the in-phase pattern strengthened the in-phase attractor in a similar way. However, the influence of the intrinsic dynamics on the resulting behavior remained present in spite of intentional modifications. Switching from the anti-phase pattern to the in-phase pattern was significantly faster than switching in the opposite direction, a finding that was later replicated by Carson et al. (1996) for pronation-supination movements. In addition, the differential stability between the two patterns remained present. These findings confirmed the model predictions of Schöner and Kelso (1988a) . In their model, intrinsic dynamics and behavioral information are described in the same terms.
Behavioral Information
The behavioral information is modeled as a second attractor layout that is added to the intrinsic dynamics as described by Haken et al. (1985) . The resulting dynamics is dependent on both intrinsic dynamics and behavioral information. Further support for the modifying influence of intention comes from a study by Lee et al. (1996) in which participants increased frequency in an anti-phase pattern. Fewer transitions to another phase pattern occurred in conditions in which participants were instructed to maintain the anti-phase pattern than in conditions in which participants were told not to resist a transition, so-called do not intervene conditions. This finding was recently replicated by Smethurst and Carson (2003) . Especially appealing, though anecdotal, evidence for the influence of intention comes from a study by Kelso et al. (1990) , in which a participant interpreted a syncopation task (i.e., finger flexion in anti-phase with the signal, off the beat) as extension of the finger on the beat. This participant was the only one of the 7 investigated who did not show a phase transition to flexion on the beat or to phase wandering when metronome frequency was slowly increased. Although this emphasizes the effect of task definition on the coordination dynamics (Kelso, 1994) , a study by Carson (1996) showed that redefining the task from flex on the beat into extend on the beat does not simply invert the original transition phenomenon. In the latter study, participants frequently showed transitions to flex on the beat, as well as phase wandering, when prepared in an extend-on-the-beat pattern. When prepared in a flex-on-the-beat pattern, this never occurred. Together, these studies show the importance of both informational and neuromusculoskeletal constraints on coordination dynamics.
In addition to intention, behavioral information can also be present in the form of environmental information or memory (Schöner & Kelso, 1988b) . Visual or auditory pacing generates a temporally structured environment specifying a required coordination pattern. Tuller and Kelso (1989) had participants tap a wide range of relative phases specified by a pacing light for each index finger. Yamanishi et al. (1980) trained participants in tapping the various phase patterns with visual pacing, then withdrew pacing after the first 10 cycles of each trial and had the participants perform the task from memory. In the latter case, relative phasing was specified by memory. The relatively higher stability of the in-phase and anti-phase pattern compared with intermediate patterns was present in both studies. Tuller and Kelso, however, reported less variable coordination and smaller deviances from the required relative phase than Yamanishi et al. (1980) . The different nature of behavioral information provided in these two studies (environmental specification vs. memory) has been argued to be a plausible source of the quantitatively different outcomes (Tuller & Kelso, 1989) .
In addition to the type of behavioral information (intentional, environmentally specified, memorized), the content also has a moderating effect on the coordination dynamics. In a study by Thaut et al. (1997) finger tapping in synchronization with a metronome was compared with tapping with music. The synchronization error was significantly reduced with rhythmic cuing embedded in music at a few specific frequencies, and tapping variability (i.e., the coefficient of variation of tapping intervals) was significantly lower with music at the lower frequencies (1 Hz and lower). In another study, pendulum swinging with rhyme words has been shown to generate a stronger coupling than pendulum swinging with nonrhyme words (Shockley & Santana, 1999) . These studies suggest that strengthening the rhythmical content of environmentally specified behavioral information or adding ecologically meaningful features to it enhances the quality of coordination. In the case of memorized behavioral information, content also seems to have an effect on coordination. Learning a new rhythmic pattern with visual or auditory pacing has been reported to have a differential effect on performance in a consecutive memory-specified self-paced task. Audition was found to be beneficial over vision for stabilizing the memory-specified pattern (Zanone & Athènes, 1999) . In the present study, the content of memorized information is manipulated in line with the studies of Thaut et al. (1997) and Shockley and Santana (1999) . The required pattern is specified either by a memorized neutral instruction concerning the phasing of the hands or by a more "ecological" instruction involving memorized information on the gaits of a horse, walking, trotting, or galloping. We compared the two types of memorized information, both specifying the required phase patterns in a cooperative manner, with respect to their effect on the coordination dynamics of bimanual finger tapping. The more ecologically valid behavioral information is expected to be stronger and consequently lead to more stable coordination.
Intrinsic Dynamics: Musical Training
The effect of behavioral information depends on the intrinsic dynamics. The latter, however, could differ among individuals. The intrinsic dynamics are shaped by neuromuscular and energetic constraints, as well as personal experience (Thelen, 1995) . In the process of development, through exploration in the environment, one is likely to have selected and strengthened certain efficient and functional coordination patterns. The intrinsic dynamics that an individual brings to a task therefore include a history of explicit and implicit learning that might be different for different people. Because experience in generating bimanual rhythmic patterns is obviously gained from playing a musical instrument, it is plausible to expect that musical experience will strengthen the intrinsic dynamics. Neuroanatomical and physiological data support the link between musical experience and bimanual coordination (Ridding et al., 2000; Schlaug, 2001) . Reports on the influence of musical experience on coordination dynamics are, however, contradictory. Yamanishi et al. (1980) found a significant difference in stability of coordination between a skilled group of piano students in a music college and an unskilled group. Tuller and Kelso (1989) failed to replicate this finding in their study with skilled participants and participants with little or no formal music training. In the present study, a group of participants with musical experience was compared with a group of participants without musical experience. In the musically inexperienced participants, coordination stability was expected to be lower than in the experienced participants in all required phase patterns. Moreover, the gain of stability with the manipulation of memorized information was expected to be relatively larger in the former, intrinsically less stable group.
Intrinsic Dynamics: Coordination Pattern
Studies on the effect of behavioral information, such as the Scholz and Kelso (1990) and Lee et al. (1996) experiments, are mainly focused on the two most stable coordination patterns, the in-phase pattern and the anti-phase pattern. It could be expected, however, that relatively unknown and unstable patterns such as the 90°-phase pattern are more strongly influenced by behavioral information than the in-phase and anti-phase patterns are. The 90°-phase pattern appears to be a relatively weak attractor in bimanual finger tapping. In experiments by Tuller and Kelso (1989) and Yamanishi et al. (1980) , in which a wide range of phases was investigated, the in-phase and antiphase patterns were shown to be significantly more stable than the intermediate-phase patterns. Greater stability was found, however, around 0.25 and 0.75 than at other intermediate relative-phase values in some participants in both studies. Whitall (1989) also reported an asymmetrical phasing relationship between in-phase and anti-phase to be a stable pattern in children's running. Based on the observation by Whitall (1989) , Peck and Turvey (1997) instructed participants to swing a set of pendulums in a pattern that they were likely to have produced as a child when mimicking riding a horse. The dynamics accompanying changes in speed and eigenfrequencies of the 90°-phase pattern were qualitatively similar to those of the in-and anti-phase patterns, and an extended Haken-Kelso-Bunz model (Haken et al., 1985) was suggested with two additional Fourier-series terms to account for the bipedal galloping pattern. This model containing a weak 90°-phase attractor seems valid for the tapping task used in the present study, because it has been shown that tapping a 90°-phase pattern is stable without extensive practice (Verheul & Geuze, 2003) . It has been argued above that all coordination patterns are likely to be more stable in musicians than in nonmusicians. Thus, the hypothesized large effect of behavioral information on the 90°-phase pattern is expected to be particularly pronounced in the nonmusicians.
Coordination dynamics are assessed by stability and accuracy measures. In a continuation/switch task, coordination stability is measured in two distinct ways. In addition to determining relative-phase variability during constant tapping, we assessed the time required to switch between patterns. Switching from an intrinsically more stable to an intrinsically less stable pattern has been found to take longer than switching in the reverse direction (e.g., Scholz & Kelso, 1990; Schöner & Kelso, 1988a) . Although switch tasks have mainly been used in studies of the in-phase and anti-phase patterns, it is plausible that results can be generalized to the 90°-phase pattern. The expected effects of phase pattern on phase variability can therefore be rephrased in effects of switching condition (e.g., in-phase to anti-phase) on switching time.
A consequence of the switch task is that it provides two time series per trial for which coordination variability and accuracy can be determined: the pre-and postswitch time series. The two time series only differ with respect to what preceded them. Before the switch, participants initiated tapping with a brief period of pacing (which was not analyzed) and continued without pacing, whereas after the switch the pattern had to be generated from memory from the onset. Therefore, coordination was expected to be more accurate before the switch than after the switch. No specific hypothesis was formulated with regard to coordination stability. Any effect of preor postswitch origin of the data might be interpreted as an effect of the difference in behavioral information offered directly preceding the actual task.
Participants were free to adopt different strategies when switching from one pattern to another (e.g., the hand that adapts its interval to acquire the postswitch phase pattern). They were also free to choose a left-or a right-leading 90°-phase pattern. Because the behavior of the participants might be informative of systematic asymmetries underlying coordination, an exploratory analysis was focused on the presence of such systematic asymmetries. The model by Haken et al. (1985) assumes that the two hands are symmetrical, but some studies have suggested small but systematic effects of lateralization or handedness in symmetric bimanual coordination tasks (Stucchi & Viviani, 1993; Swinnen et al., 1996; Treffner & Turvey, 1996) and larger effects in asymmetrical (multifrequency) bimanual coordination tasks (e.g., Peters, 1994; Summers & Kennedy, 1992) . The present study could show further signs of an asymmetrical control, supporting these studies.
Methods

Participants
Twenty individuals participated (age 19-31 years; 10 women, 10 men). Half reported having no experience playing a musical instrument and were assigned to the nonmusical group. The other participants, with 0.5-9 years of experience playing a wind instrument, guitar, piano, or keyboard, were assigned to the musical group. Two participants reported being left-handed, and both had musical experience. This small proportion of left-handers (10%) mirrors the distribution in the general population (van Strien, 1992) . The remaining participants reported being righthanded. All participants gave informed consent before the experiment. One righthanded nonmusical female participant was unable to produce a stable 90°-phase pattern throughout the experiment and was excluded from the analysis.
Apparatus
Two touch-sensitive buttons (diameter 2.5 cm, 7.5 cm apart), built in the slanted surface of a box (30  20  2-6 cm), registered finger taps with an accuracy of 1 ms. The taps produced a slight sound when the buttons were touched. The box also served as a support for the hands. A personal computer generated auditory pacing signals (neutral "click" sounds or recorded hoofbeat sounds, duration 75 ms) for both hands at the beginning of each trial, specifying either a 0°, 90°, or 180° phasing between the hands. In the center top of the box, a red light-emitting diode (diameter 3 mm) signaled the switch. During pacing in the neutral condition a static picture of a participant performing the tapping task was presented to the participant on a monitor. In the horse-analogy condition, animations consisting of eight frames were presented on the same monitor ( Figure 1 ). The hoofbeat sounds were coupled to one or two animation frames in which the front legs of the horse hit the ground, generating a walk (one leg), trot, or gallop (two legs) pacing. 
Procedure
Participants were seated comfortably at a table facing the monitor. Their hands rested on the box, and their index fingers, on the two buttons. Participants were asked to tap with their index fingers on the buttons in a continuation/switch task. They were instructed to tap as constantly as possible in one of three phase patterns (in-phase, anti-phase, or 90°-phase difference) at an initially paced frequency (1.25 Hz for six cycles, i.e., 4.8 s) and to continue tapping after the pacing had stopped. At two thirds of the trial, 19 tapping cycles after pacing, a light was presented coincident with a left finger tap, to indicate that the participants were to switch to another, prespecified pattern. The instruction was to switch promptly to the other pattern. After switching, participants continued tapping until signaled by the experimenter to stop. This resulted in approximately 15 s of self-paced tapping before the switch and approximately 10 s (13 recorded left finger taps) after the switch. Each switch trial lasted approximately 30 s, including the paced period.
The three patterns were first tapped under a "neutral" instruction set and then in the "memorized horse-gait" condition. Because of the nature of the manipulation, order was necessarily fixed. In the neutral behavioral-information condition, participants were instructed to tap with their fingers simultaneously (inphase), alternating (anti-phase), or in an unequal manner (90°-phase difference). In the memorized horse-gait condition, participants were instructed to imagine their fingers being the front legs of a trotting (anti-phase) or galloping (90°-phase difference) horse. In the 90°-phase condition, participants were free to perform the pattern with either their left hand or their right hand leading. During the pacing period of the walk (in-phase) condition, both fingers were to tap simultaneously with the displacement of a single leg of the horse. The horse animation and hoofbeat sounds were intended to help participants memorize the horse-gait patterns before the self-paced tapping in the remainder of the trial. Horse gaits were chosen because they are familiar, naturally occurring patterns.
All six possible switches between the three phase patterns were performed first three times with initial neutral pacing and then three times with initial hoofbeat pacing and related animations, making a total of 36 trials. The trials were organized in six blocks, each consisting of the six switch conditions in random order. The first three blocks (i.e., 18 trials) were performed under the neutral instruction set and the remaining three blocks with the ecological "horse-gait" instructions. Practice trials of three randomly chosen switches were given with the limitation that each phase pattern was tapped once before and once after the switch.
Analysis
Only the self-paced parts of the trials were analyzed. The parameter describing coordination is the relative phase (Φ), calculated as follows:
in which L and R are the points in time at which the left and right index finger hit a button.
In the 90°-phase condition, the leading hand interval was taken as the denominator in the calculation of the relative phase. This had no consequences for the calculation of the relative phase in a right-leading 90°-phase pattern, but in the case of a left-leading 90°-phase pattern the relative phase was calculated as
Note that through this calculation both the left-and right-leading pattern are indicated by a relative phase of 90°. This method was chosen because the intertap intervals of the leading hand in a galloping task are more stable than the intertap intervals of the nonleading hand (Verheul & Geuze, 2003) . Coordination stability was assessed by calculating the variability (i.e., SD)
of the relative phase during constant tapping and the switching time. The variability of the relative phase was calculated for both pre-and postswitch nonpaced stable tapping. Thus, per individual, the 36 trials generated 72 time series: 36 preswitch and 36 postswitch. Switching time was calculated as the time between the onset of the switching signal and the initiation of the postswitch pattern (i.e., the first tap after the switching signal that makes up the required phase pattern ± 45° with consecutive taps). Because frequency differed slightly between trials at the moment the switching signal was presented, relative switching time was calculated as the percentage of preswitch cycle duration (Geuze, 2001) . Accuracy was assessed by calculating the absolute error for each preswitch and postswitch part of each trial (i.e., absolute deviation from the required relative phase). Furthermore, switching strategies were assessed by visual inspection. Strategies were characterized by the speeding up or slowing down in one or more postswitch intervals of a single hand or both hands in order to change the coordination pattern. This resulted in six possible strategies: right faster (RF), left faster (LF), right slower (RS), left slower (LS), right faster and left slower (RFLS), and right slower and left faster (RSLF). For each participant, one or two dominant switching strategies per switching condition were determined if present (i.e., a strategy adopted in three or more trials out of the six trials in that switching condition). Strategies were also combined on the basis of their common effect on the coordination level into a right faster or left slower (RF, LS, RFLS) and right slower or left faster (RS, LF, RSLF) strategy.
A multilevel random slope model for repeated measures was used for statistical analysis (Snijders & Bosker, 1999) . This type of regression model differs from the usual multiple regression in that the equation defining the model contains more than one error term-at least one for each level. This makes this type of model suitable for data from repeated measures (Level 1) in multiple participants (Level 2). The multilevel model describes a collection of multiple-regression models (one for each participant) with varying intercepts and slopes. Because we presented the neutral and horse-gait conditions necessarily in fixed order, we needed to test the effect of the gait analogy given a possible learning effect on the coordination measures. With the multilevel regression model, we were able to test for a significant change in the value of the dependent variable between the third and fourth blocks of trials in addition to a change from the first to the sixth block that resulted from learning. We also tested the effects of musical experience, phase pattern, pre-or postswitch (the latter two not for switching time) and switching condition (only for switching time), and all two-and three-way interactions. T tests and deviance tests (chi-square) were used to evaluate the improvement of the model fit by inclusion of an effect. Post hoc results for main effects with more than two levels and for 3  2 interaction effects were derived from dummy variables. Because of the large number of degrees of freedom with tests involving lower-level variables (all except musical experience), t values were treated as standardized z scores where applicable. Deviance tests were used for multiparameter testing such as multiple pairwise comparisons. The significance level α was set at .05.
Results
Intrinsic Dynamics
Consistent with our hypothesis, coordination was significantly more stable in the participants with musical experience than in those without, according to both stability measures (Table 1) . First, musicians showed lower relative-phase variability than did nonmusicians t(18) = -2.84, p < .01. Second, musicians switched significantly faster than nonmusicians did, absolute switching times t(18) = -3.46, p < .01, relative switching times t(18) = -3.31, p < .01. Average relative switching time per participant ranged from 74% to 152% of the preswitch cycle duration. In addition to the effects for coordination stability, musicians were significantly more accurate than nonmusicians as evidenced by a significantly lower absolute error (Table 1) , t(18) = -2.34, p < .05. The most pronounced effects were those of phase pattern (Table 2) . Relativephase variability differed significantly between phase patterns as expected, χ 2 (2) = 397.3, p < .001. The in-phase pattern showed the lowest variability, and the 90°-phase pattern, the highest. Pairwise comparisons showed that each phase pattern differed significantly from both other patterns (all p < .001). Phase pattern also had a highly significant effect on accuracy, χ 2 (2) = 750.9, p < .001. The absolute errors in inphase and anti-phase did not differ significantly, but accuracy was significantly more compromised in the 90°-phase pattern than in the in-phase and anti-phase patterns (pairwise comparisons both p < .001). In contrast to the effect of phase pattern for relative-phase variability, switching condition (e.g., in-phase to anti-phase, anti-phase to 90°-phase pattern, etc.) had no significant main effect on switching time. The average switching time was 818 ms, or 109% of preswitch cycle duration.
The interaction between musical experience and phase pattern was not significant for relative-phase variability or for accuracy. In addition, no significant interaction between musical experience and switching condition was found for switching time. Participants with musical experience showed more stable and more accurate coordination in all phase patterns and switched faster in all switching conditions than did the participants without musical experience. The difference in relativephase variability between the two groups was largest (2.4°) in the 90°-phase pattern, whereas the difference in accuracy was largest (1.9°) in the in-phase pattern. The largest difference in switching time (32%) was found for the switch from the 90°-phase pattern to in-phase.
Contrary to our expectation, no main effects of the manipulation of behavioral information (the gait analogy) were found for the coordination stability measures (relative-phase variability and switching time) or for accuracy.
No main effect of the pre-or postswitch origin of the data was found for relative-phase variability. Preswitch accuracy was, however, significantly higher than postswitch accuracy (z = 4.46, p < .001). Preswitch, the absolute error was 7.6°, rising to 9.0° postswitch.
Interactions Between Intrinsic Dynamics and Behavioral Information
The central aim of this study is to assess the interaction between intrinsic dynamics and behavioral information. We hypothesized the manipulation of behavioral information (the gait analogy) to have a particularly strong effect on nonmusicians and in intrinsically less stable patterns such as the 90°-phase pattern.
In contrast to our expectations, no significant interaction was found between group (i.e., musical experience) and the manipulation of behavioral information (the gait analogy) for any of the dependent variables. As expected, however, the manipulation of behavioral information showed a significant interaction effect with phase pattern for relative-phase variability (Figure 2 As expected, the gait analogy caused the strongest reduction of relative-phase variability in the 90°-phase pattern. However, the significant interaction effect resulted from the gait analogy having a significantly different effect on the in-phase pattern than on the anti-phase and 90°-phase patterns (p < .05 and p < .01, respectively). In the in-phase pattern, the memorized gait condition was associated with an increase in variability rather than the expected decrease, whereas in both the anti-phase and 90°-phase patterns the gait analogy caused a decrease in variability (Figure 2 ). The effect was not significantly different for the anti-phase and 90°-phase patterns.
Analysis of switching time was expected to generate results in line with the findings for relative-phase variability. When relative-phase variability is low (i.e., the pattern is stable), it would take relatively long to switch from that pattern, but a switch to that pattern would be performed relatively quickly. For a phase pattern with high variability, the reverse was expected. Because the largest stabilizing effect of the gait analogy was expected (and found) in the 90°-phase pattern, switches to the 90°-phase pattern would be expected to be faster and switches from that pattern slower in the gait condition than in the neutral condition. This was found to be the case, except for the switch from in-phase to the 90°-phase pattern. The destabilizing effect of the gait analogy we found for the in-phase pattern would translate into faster switching from the in-phase pattern and slower switching to that pattern. Again, this was the result we found, except for the switch from in-phase to the 90°-phase pattern. Combining these results, we expected the memorized gait to shorten switching times for the switch conditions in-phase to anti-phase, in-phase to 90°, and anti-phase to 90° and to lengthen switching times for anti-phase to in-phase, 90° to in-phase, and 90° to anti-phase. For all switching conditions except the in-phase to 90°, the results were in line with expectations ( Figure 3) .
Post hoc analysis showed that the behavioral information had a significantly different influence on the in-phase to anti-phase pattern than on all other switches except for the switch from anti-phase to the 90°-phase pattern (p < . 05 to p < .001 for individual comparisons). The effect that behavioral information had on the switch from anti-phase to the 90°-phase pattern differed significantly only from the effect on the 90°-phase pattern to in-phase switch for absolute switching time (p < .05), and for the latter and the switch from anti-phase to in-phase for the relative switching time. There was no significant effect of order on switching time or relative-phase variability, suggesting that the revealed interaction effects can be attributed to the manipulation of behavioral information. The manipulation of behavioral information showed no significant interaction effect with phase pattern for accuracy.
Interactions Between Intrinsic Dynamics and Pre-and Postswitch
In addition to the behavioral information during the task, the preceding behavioral information also had a significant influence on performance in interaction with the intrinsic dynamics, as revealed by interaction effects of pre-and postswitch with both musical experience and phase pattern. The difference in relative-phase variability and accuracy between the two groups was significantly larger before the switch than after the switch (interaction effect for variability z = 2.39, p < .01; interaction effect for accuracy z = 2.65, p < .01). This was the result of a combined increase in variability for the musicians and a (small) decrease in variability in nonmusicians (Figure 4) , as well as a very accurate performance of the musicians before the switch ( Figure 5 ).
Significant interaction effects were also found between phase pattern and pre-and postswitch or both relative-phase variability, χ 2 (2) = 30.87, p < .001, and accuracy, χ 2 (2) = 39.32, p < .001. For the in-phase and anti-phase patterns, variability was slightly lower after the switch than before the switch, whereas variability of the 90°-phase pattern was higher after the switch (Figure 6 ). Post hoc analysis showed that the pre-or postswitch origin of the data had a significantly different effect on the 90°-phase pattern than on the in-phase and anti-phase patterns (both p < .001). The absolute error in the 90°-phase pattern was also significantly larger after the switch than before (Figure 7 ). In the in-phase and anti-phase patterns, the error was similar before and after the switch. Again, post hoc analysis showed that the pre-or postswitch origin of the data had a significantly different effect on the gallop than on the in-phase and anti-phase patterns (both p < .001). The three-way interactions between group, pattern, behavioral information, and pre-and postswitch were not significant for relative-phase variability and accuracy, and the three-way interaction Group  Switching Condition  Behavioral Information was not significant for switching time.
Choice of Gallop and Switch Strategy
Participants were free to choose between a left-and right-leading gallop, but after the switch they might have been forced into their nonpreferred type of gallop, because the switch signal was always presented coinciding with a left finger tap. Looking only at the choice of gallop before the switch, participants adopted a right-leading gallop in 73.4% of the successful 90°-phase trials. A high within- participant consistency was found. Four participants chose a left-leading gallop in at least 10 out of 12 trials. One of these participants was left-handed. Twelve participants showed a right-leading pattern in at least 11 out of 12 trials, with 9 choosing a right-leading 90°-phase pattern in all of the trials. One of these 9 was left-handed. The remaining 3 participants chose twice as often a right gallop (eight times) than a left gallop (four times).
In order to switch, participants had to adjust the timing of one or both hands. They showed a highly consistent switch strategy within each switch condition. For 13 participants, one or two dominant strategies could be determined for each switch condition (see Methods). For the other 6 participants, this could be done for at least four of the six switch conditions. Slowing down the left hand in order to change the coordination pattern was the strategy adopted most often. It was used more than twice as often as either of the other strategies. In contrast to the intraindividual consistency within a particular switch condition, participants were not consistent over different switch conditions. Looking at the effect on the level of coordination, their choice of strategy was systematic nevertheless. Participants could be divided into two distinct groups. Most of them (n = 15) adopted the strategy of slowing down the left hand, speeding up the right hand, or a combined strategy of slowing down the left and speeding up the right as their dominant strategy in 90% of all cases (switch conditions over all participants), except the 90° to in-phase switch condition, in which an opposite strategy was used by all of these participants. Four participants showed the opposite strategies in all conditions. They speeded up the left hand, slowed down the right, or showed a combination of these in 88% of all cases, except the 90° to in-phase switch condition, in which all 4 used an opposite strategy. These were the 4 participants who consistently adopted a left-leading gallop.
Discussion
The intrinsic dynamics of participants with musical experience were characterized by stronger attractors than the intrinsic dynamics of the nonmusicians. A significant group difference was found for relative-phase variability and switching time, two measures of coordination stability. This finding is strengthened by the fact that the participant that had to be excluded from the analysis, because of an inability to tap the 90° pattern, was a nonmusician. These data are consistent with the results of the study of Yamanishi et al. (1980) , who found a significant difference in stability of coordination in a continuation task between a skilled group of piano students in a music college and an unskilled group. Tuller and Kelso (1989) , however, found no difference in coordination stability between musically trained participants (i.e., having played the piano, or piano and violin, for a minimum of 10 years) and participants with little or no formal music training. Differences in behavioral information during the task could have accounted for this. In the Tuller and Kelso experiment, the required pattern was environmentally specified by visual pacing throughout the experiment, whereas in the present experiment, as well as in the experiment by Yamanishi et al., the pattern was specified by memory.
Musically skilled individuals might be superior in using memorized behavioral information for their control of coordination. It must be noted that this advantage appears to depend on the preceding events. In the present experiment, the difference between the two groups was found to be especially large before the switch, suggesting that the pacing preceding the preswitch tapping could have had a particularly beneficial effect on the musical group. The musically experienced participants were also more accurate than the nonexperienced group, again especially before the switch. Apparently, the behavioral information is "memorized" better by musicians, but in an unstable manner, so that the advantage quickly diminishes by intervening events. Future research might differentiate between individuals with experience in musical settings that are dominated by environmental pacing, such as a band or choir, and participants with experience mainly in generating self-paced music from tablature and sheet music. In addition, the influence of the type of musical instrument played (Christman, 1993) and the level of experience deserve further investigation.
The nature of memorized behavioral information did not affect coordination stability differently in musicians and nonmusicians in the present study. "Ecological" behavioral information stabilized the anti-phase and 90°-phase patterns but decreased stability of the in-phase pattern compared with "neutral" behavioral information, as measured by relative-phase variability. Because no effect of order on relative-phase variability was found, the data suggest that this interaction between behavioral information condition and phase pattern is caused by the informational content rather than learning. Results suggest that the horse-gait analogy supplied cooperative behavioral information in the anti-phase (trot) and 90°-phase (gallop) conditions but competitive information in the case of the in-phase (walk) condition. Because the correspondence between "walk" and the in-phase pattern was weak (see Methods), drawing attention to the horse gait might have led to a double-task situation in the in-phase condition. This could have decreased coordination stability, as supported by double-task studies involving similar bimanual-coordination tasks (e.g., Monno et al. 2000 Monno et al. , 2002 Temprado et al. 1999; Zanone et al., 2001) . In contrast, in the anti-phase and 90°-phase pattern, the horse-gait analogy might have supported the specification of the required coordination pattern.
These findings were largely supported by the effect of memorized gait on the other measure of stability (i.e., switching time). Extrapolating from the findings for relative-phase variability, one would expect that switches from the in-phase in the memorized gait condition were faster than in the neutral condition, whereas switches to in-phase would be expected to take longer in the memorized-gait condition. Conversely, switches from the anti-phase and the 90°-phase patterns would take longer in the memorized-gait condition, whereas switches to these patterns would be faster in that condition. Results for five out of the six switch conditions confirmed these expectations. Only the switch from in-phase to the 90°-phase pattern showed the opposite result. The effect of the gait analogy on the switch could have been complicated by the fact that participants tried not only to imagine the first pattern, and then the second, but also to imagine the transition in terms of a horse-gait transition, which makes the transitions between in-phase and the 90°-phase pattern (walk and gallop, in both directions) particularly unnatural. It is apparent that manipulating the content of behavioral information requires further study. The few studies directed at the ecological content of behavioral information (Shockley & Santana, 1999; Thaut et al., 1997) suggest, along with the present study, that enhancing the cognitive meaning of the pacing signal might have a beneficial effect on coordination in specific-task conditions. The way the horse-gait analogy was offered in this study might not have been the most effective way to change memorized behavioral information in the expected direction. The study of Zanone and Athènes (1999) could be relevant in this respect. This study suggests that auditory specification of a rhythmic pattern is beneficial over visual specification for the performance in a subsequent memory-specified self-paced task. In the present experiment, the horse-gait analogy relied on visual specification to a larger extent than the neutral condition. In the neutral condition, the sounds specified the required pattern (a static picture was presented), whereas in the gait-analogy condition, an animation was added to the hoofbeat sounds to aid memorization as much as possible. Taking Zanone and Athènes' study into account, this might have had a negative effect on consecutive memory-specified self-paced tapping.
Furthermore, the rhythmic contact of the fingers with the buttons provided "hard" landmarks and auditory and haptic feedback. Therefore, finger tapping might not be sensitive to the manipulation of cognitive constraints in the way that rhythmically coordinated movements that don't benefit from such rhythmic contact seem to be, such as supination-pronation movements of the forearms (Temprado et al., 1999) , abduction-adduction movements of the hands (Amazeen et al., 1997) or the index fingers (Scholz & Kelso, 1990) , and bimanual circle-drawing movements (Wuyts et al., 1996) . In these studies, the manipulation of focused attention changed coordination dynamics including stability features. A recent study on bimanual 1:3 tapping showed no significant effect of the manipulation of the cognitive description of the task (Semjen & Vos, 2002) .
The 90° or galloping pattern was performed with the lowest stability and accuracy. It differed from the other patterns, especially with respect to accuracy. After initial pacing, participants had difficulty maintaining the 90°-phase pattern and shifted to values between 60° and 120°, maintaining stability at that shifted pattern. This suggests that the 90°-phase pattern might not be a basic pattern, comparable to the in-and anti-phase pattern, only with lower stability. In our experiment, one participant was unable to perform a stable gallop throughout the experiment. In a similar tapping task, Tuller and Kelso (1989) also found the gallop to be an attractor in some nonmusicians but not all. Peck and Turvey (1997) have suggested an extension of the Haken-Kelso-Bunz model (Haken et al., 1985) so that the model incorporates an intrinsic attractor for the 90°-phase pattern. Nonetheless, it is questionable to what extent the 90°-phase pattern is an intrinsic attractor. The participants in the Peck and Turvey study were offered practice specifically with this pattern before the experiment. It has been shown that practice can change the attractor layout (Schöner et al., 1992; . In fact, the 90°-phase pattern is often used as the to-be-learned (i.e., novel) phase pattern in learning experiments using coordination tasks of a more "continuous" nature (Fontaine et al., 1997; Lee et al., 1995; Smethurst & Carson, 2001; Swinnen et al., 1997 Swinnen et al., n, 1998 Tsutsui et al., 1998; Wishart et al., 2002; . In these tasks, the fingers, hands, or arms freely oscillate in their natural anatomical boundaries. No "hard" landmarks providing rhythmic haptic and auditory feedback are available. Thus, the stability of the 90°-phase pattern depends on the nature of the coordination task.
In contrast to a view of the 90°-phase pattern as a stable intrinsic attractor, participants could have been attracted to the 90°-phase pattern only by pacing and instruction (Geuze, 2001 ). This might explain why the effect of musical experience on stability was particularly strong in the gallop. Because of their musical training, musically experienced participants could be more effective in coupling their movements to external or memorized information. This would imply that musical experience not only strengthens the attractors that form part of the intrinsic dynamics but also enhances the ability to form new attractors based on behavioral information. The idea of the 90°-phase pattern as a temporary, flexible behavioral attractor is further supported by the finding that accuracy of the gallop was especially low after the switch, when no initial pacing was available. In conclusion, our study supports the idea that in finger tapping, the 90°-phase-pattern value might be an arbitrary attractor.
The strong intraindividual preference for one type of gallop, in most cases the rightleading one, might be understood from a tight functional coupling between perception and action in the context of an intrinsic asymmetry (handedness) or asymmetry in behavioral information. In perception theory, the principle of proximity states that two stimuli separated by a shorter distance, in time or space, than the surrounding ones will be perceived as grouped. Research on visual (e.g., Banks & Prinzmetal, 1976) and auditory stimuli (e.g., Bregman & Reidnicki, 1975) has supplied evidence for this theoretical principle. Similarly, in the 90°-phase pattern one hand is generally perceived as leading and the other as following. Consequently, one could expect a hierarchical ordering in which the right hand (in the right gallop) or the left hand (in the left gallop) leads the other hand. Such a hierarchical organization has indeed been shown for the gallop (Verheul & Geuze, 2003) .
Studies on handedness and bimanual coordination (e.g., Peters, 1994; Rogers et al. 1998) have shown that the more demanding task is usually performed by the preferred hand, which also receives most attention. From these studies it can be expected that the preferred hand will coincide with the leading hand in the 90°-phase pattern. In our mainly right-handed population, this would lead to a high occurrence of the right-leading 90°-phase pattern, which was indeed confirmed. A minority (1 left-hander and 3 righthanders), however, chose the gallop in which their nonpreferred hand was leading. Because handedness issues were not the focus of this study and we therefore included only 2 left-handed participants, we cannot statistically test the hypothesized relationship between handedness and hand role in the 90°-phase pattern. An alternative explanation for the predominance of the right-leading gallop might be the asymmetry in behavioral information. The horse animation showed a right-leading gallop. Nonetheless, this fails to explain the consistency in the neutral condition.
The distribution of hand roles also seems to play a role in the switch strategies. These strategies revealed a strong intraindividual consistency, which correlated with the choice of left-or right-leading 90°-phase pattern. In switches from or to this pattern, the switch strategy and choice of gallop are not independent. More informative, therefore, is the consistent use of the same strategy in the in-phase to anti-phase and anti-phase to in-phase switch conditions. This finding suggests that the functional asymmetry between the two hands also exists in symmetrical phase patterns. In the Haken-Kelso-Bunz model (1985) for rhythmic bimanual coordination, the component oscillators-the left and right hands-are assumed to be symmetrical, but various researchers have pointed out small but systematic deviations from the required relative phase resulting from handedness in in-phase and anti-phase patterns (Stucchi & Viviani, 1993; Swinnen et al., 1996) . Our results support the idea of functionally asymmetric component oscillators.
One implication of this notion is that the model described by Haken et al. (1985) should be extended or altered to incorporate a term or parameter causing symmetry breaking. Three methods have been proposed: (a) the addition of a detuning term to the model (e.g., Kelso & Jeka, 1992; Peck & Turvey, 1997) , (b) the addition of the first two odd (sine) terms of the Fourier series (Treffner & Turvey, 1996) , and (c) the addition of a symmetry parameter (Fuchs & Jirsa, 2000) . These model extensions have been formulated to account for the effects of a difference in eigenfrequency between the oscillators, hand preference, and asymmetric axes of rotation, respectively. They have been able to describe phenomena such as a phase shift, enhanced variability, and a transition from in-phase to anti-phase. The slightly asymmetric potential that is a result of model extensions (a) and (b) might account for a preferred "route" (switching strategy) when switching between patterns.
In the version of the Haken-Kelso-Bunz model in which two Fourier (cosine) terms have been added to incorporate the gallop as a stable pattern (Peck & Turvey, 1997) , the relative stability of the left-and right-leading gallop patterns is represented by the relative strength of each of the two terms. Combinations with the aforementioned model extensions can account for both the consistent choice of one type of gallop and the consistent use of one type of switching strategy. Nonetheless, these models do not explain why the choice of gallop showed a close relationship with the switching strategy (among others for the switch from in-phase to anti-phase and vice versa).
A different approach is to start from the idea of a maximally asymmetrical coupling, that is, a unidirectional coupling. In such a coupling, one hand (the timer) would influence the movements of the other (the subordinate hand), but there would be no or less reciprocal influence (Summers et al. 1993; Verheul & Geuze, 2003) . The interdependency between the hands has been investigated for anti-phase and gallop tapping (Verheul & Geuze, 2003) , and a slightly but significantly asymmetrical coupling was found for the gallop but not for the anti-phase pattern. This model could therefore explain the consistent choice of one type of gallop but would predict a switch strategy based on one hand (the subordinate hand) changing its timing relative to the other (the timer). The latter was not found. Rather, the switch strategy was not linked to a particular hand but based on the effect on the relative phase (e.g., slowing down the left hand or speeding up the right was found to fall within the same switch strategy).
In conclusion, musical experience had a significant effect on coordination stability and accuracy. The manipulation of memorized behavioral information did affect coordination dynamics, but not fully in line with expectations. In particular, the effect of behavioral information on switching times cannot be fully explained. Future research should further elucidate how musical experience interacts with behavioral information (e.g., environmentally specified) and intrinsic and task asymmetries in the rhythmical coordination of the hands.
